The High-Resolution Echelle Spectrometer on the Keck I telescope has been used to measure the first radial velocities for stars belonging to the Andromeda I and III dwarf spheroidal galaxies. Our radial velocity for And III matches that reported by Blitz & Robishaw for an adjacent H i gas complex, supporting the association of this galaxy with a high-velocity cloud. New and previously published radial velocities for a sample of confirmed or suspected M31 satellites are combined with a homogeneous set of distance estimates to calculate the total mass of M31. Assuming the satellite orbits are isotropic, we find a median mass of . These masses are somewhat lower than those found for luminous spiral galaxies
INTRODUCTION
Although the flat rotation curves of spiral galaxies have firmly established the presence of massive dark halos in these systems, their total masses and spatial extents are still largely unconstrained by H i rotation curves. Aside from a few notable exceptions (e.g., Pickering et al. 1997) , the H i disks can only be traced out to distances of a few optical radii. Our understanding of galaxy formation and evolution, of cluster/group dynamics, and of gravitational lensing are limited by this lack of observational constraints.
Attempts to measure the mass and extent of dark halos in spiral galaxies using their associated systems of dwarf galaxies are compromised by the small number of satellites associated with any particular spiral which are bright enough to allow radial velocity measurements. Zaritsky et al. (1993 Zaritsky et al. ( , 1997 have attempted to circumvent this obstacle by accumulating velocities for a small number of companions of many different spiral galaxies and treating the ensemble as a single satellite system. While such studies have provided important information on the masses of disk galaxies on scales of a few hundred kiloparsecs, the technique hinges on the key assumption that there exists no connection between the properties of the luminous disk components of spiral galaxies and those of their dark halos.
An obvious alternative approach is to measure velocities for a large number of satellites belonging to one particular spiral galaxy. To date, the only spiral galaxy for which this has been possible is the Milky Way. Such studies, which began with the work of Hartwick & Sargent (1978) , provide the most direct observational constraints on the mass of the Galaxy on scales in excess of ∼100 kpc. Many subsequent efforts have improved on the difficult velocity measurements for these low surface brightness satellites (e.g., Olszewski, Aaronson, & Peterson 1986; Zaritsky et al. 1989 ) and have refined the statistical tools used to calculate the enclosed mass (e.g., Little & Tremaine 1987; Kochanek 1996) . The total mass of the Galaxy inferred from these studies falls in the range of
, where the principal source of uncer-11 12.5 # 10 tainty is whether or not Leo I should be included as a bound member of the Galactic dwarf system.
In this Letter, we apply this technique to a second spiral satellite system-that of M31. While our mass estimate for M31 is not the first to make use of radial velocities for its satellites (see, e.g., van den Bergh 1981), we utilize both new and previously published radial velocities for an expanded sample of known or suspected satellites of M31. In addition, we make use of a homogeneous set of distance determinations for these galaxies in order to pinpoint each object within the M31 halo. From the motions of eight companion galaxies having deprojected distances from M31 in the range of kpc, 100 kpc Շ R Շ 500 A we calculate a total mass of , where the
quoted uncertainties reflect the unknown shapes of the satellite orbits.
OBSERVATIONS AND REDUCTIONS
On the night of 1999 August 13, we used the High-Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994 ) on the Keck I telescope to obtain spectra for two candidate red giant branch (RGB) stars in each of Andromeda I and III, two dwarf spheroidal (dSph) companions of M31. In the case of And I, program stars were selected from the imaging study of Mould & Kristian (1990) . For And III, objects were selected using the photometry of Armandroff et al. (1993) . The targeted stars were chosen to have magnitudes and colors that place them near the tip of the RGB and to have positions close to the centers of these galaxies.
The instrumental setup and data reduction procedures closely resemble those described in earlier papers (e.g., Vogt et al. 1995; Côté et al. 1999 ), so we give only a brief description here. The detector was binned , giving an effective area of 2 # 2 pixels. A single readout amplifier was employed, 1024 # 1024 adjusted to a gain setting of 2.4 ADU . The cross disperser Ϫ Ϫ 1 e was used in first order to isolate the spectral region 4600 Å Շ ll Շ 7025 Å , while the C5 decker was used to limit the entrance aperture to
. Exposure times for all program stars 1Љ .13 # 7Љ .0 were 3600 s, with Th-Ar comparison lamp spectra taken im- mediately before and after each exposure. A total of 29 echelle orders were extracted for each program spectrum, although radial velocities were measured using only those five orders which produced the best cross-correlation functions (i.e., two orders spanning the range of 4985 Å Շ ll Շ 5125 Å and three orders covering the interval of 5285 Å Շ ll Շ 5520 Å ). Nine high signal-to-noise ratio spectra for four IAU radial velocity standard stars were also obtained during twilight: HD 161096 (K2 III), HD 182572 (G7 IV), HD 9138 (K4 III), and HD 26162 (K1 III). These spectra were reduced in an identical manner to those of the dSph program stars and were used to create a master template as described in Vogt et al. (1995) . A radial velocity for each program star was then derived by cross-correlating its spectra against that of the master template.
Results are presented in Table 1 , which gives the identification number, V magnitude, and (VϪI) color of each star as well as the exposure time and heliocentric Julian Date of each observation. The Tonry-Davis R TD value of the corresponding cross-correlation function (Tonry & Davis 1979 ) and the measured heliocentric radial velocity are recorded in the final two columns. Velocity uncertainties have been calculated as described in Côté et al. (1999) . For both galaxies, the two program stars have similar radial velocities, suggesting that all four program stars are bona fide members of their respective galaxies.
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Thus, our adopted heliocentric radial velocities for And I and III are and Ϫ km s , respectively,
where the uncertainties have been calculated as described by Pryor & Meylan (1993) .
3. DISCUSSION
The dSph-High-Velocity Cloud Connection
Blitz & Robishaw (2000) have identified a high-velocity cloud (HVC) in close proximity to And III. Based on this spatial coincidence, they argued that this H i cloud, which has a heliocentric radial velocity km s , is physically
h associated with this galaxy. Their conclusion is supported by the observations presented here since the optical and H i velocities differ by only km s , strengthening the Ϫ1 Dv = 10 ‫ע‬ 11 h case for substantial gaseous components in at least some Local Group dSph galaxies (Carignan et al. 1998; Blitz & Robishaw 2000) . In the case of And I, Blitz & Robishaw (2000) found marginal evidence for an HVC having a heliocentric radial velocity km s . Deeper observations, however, did not con- . 5 Note that solar reflex motion in the direction of M31 is ≈Ϫ174 km s .
Ϫ1
3.2. The Mass of M31 Several features of the M31 satellite system make it an attractive candidate for studying the large-scale distribution of dark matter. First, the sample of known or suspected companions is large compared with other spiral galaxies (and is exceeded only by that of the Milky Way). Second, with efficient spectrographs on 10 m-class telescopes, accurate radial velocity measurements are possible for even the faintest systems. Third, the system's proximity and large spatial extent allow deprojected distances from M31 to be calculated on an objectby-object basis since accurate and homogeneous distances are now available for most of the satellites.
We calculate the deprojected distance from M31, , for R A each galaxy by combining the projected distance, , with the
is the angular distance from M31. When-
ever possible, we adopt distance determinations based on the tip of the RGB (TRGB) method. With the exception of M32, all of the known or suspected satellites of M31 have distances derived from this method (or, in a few cases, on a related indicator: isochrone fitting of the RGB). For M32, no TRGB distance is available, so we assume the galaxy is located at the same distance as M31, as suggested by several other distance indicators (see, e.g., Grillmair et al. 1996 , Ferrarese et al. 2000 , and references therein). We adopt a distance of D = 780 ‫ע‬ A kpc for M31, based on isochrone fits to the RGBs of its 25 globular clusters (Holland 1998) . This corresponds to a distance modulus of (mϪM) 0 = 24.46 mag. Data for 12 confirmed or suspected satellites of M31 are presented in Table 2 . From left to right, this table records the galaxy name, Galactic longitude and latitude, adopted distance, projected separation from M31, distance from M31 along the line of sight, the resulting deprojected distance from M31, heliocentric radial velocity, and radial velocity in a frame in which M31 is at rest. Three estimates for the enclosed M31 mass, calculated as described below for isotropic, radial, and circular orbits, are presented in the next three columns. References for the adopted distances and velocities of the satellites are given in the final column. Note that Table 2 contains several Local Group galaxies (i.e., M33, LGS 3, IC 10, Pegasus, and IC 1613) with kpc. It is not clear which, if any, of these R տ 200 A galaxies are bona fide M31 satellites (particularly IC 1613, which is located at a projected distance of Mpc from R ∼ 0.5 P M31). These galaxies have been included in the following analysis in order to assess the likelihood of their membership in the M31 subsystem of the Local Group.
For each galaxy, we calculate the line-of-sight velocity in a frame that is at rest with respect to M31 (e.g., Lynden-Bell 1999): Table 2 . The filled circles and error bars refer to mass estimates based on the assumption that the satellite system has a isotropic velocity dispersion tensor; the arrows indicate the change in the calculated mass if the satellites are assumed to move along radial or circular orbits (squares and triangles, respectively). The solid line shows the enclosed mass calculated from the observed rotation curve, , where
km s (Rubin & Ford 1970; Newton & Emerson 1977) . For isotropic If we approximate the satellite system as a spherical collection of test particles that are bound to a massive central object, then, for an assumed isotropic velocity distribution, the mass of M31 is simply 
A A A P A Such a case might be appropriate for distant satellites that formed with small peculiar velocities and then fell toward M31. However, it is unlikely that many of the known dwarf companions of M31 would survive many such close passages; indeed, Grebel (1999) has argued that the known M31 satellites show a preference for polar orbits. In this case, the appropriate mass estimator is
A A P A where the satellites' orbits are assumed to be circular.
Note that equations (2)- (4) treat M31 as a point mass. While this assumption is certainly not valid for the innermost satellites, it should be reasonable for the more distant objects. Figure 1 shows the enclosed M31 mass plotted as a function of deprojected distance for each of the galaxies listed in Table 2. Masses found assuming isotropic orbits are indicated by the filled circles. Associated error bars refer to measurement errors only and do not include uncertainties arising from the unknown shapes of the satellite's orbits (which are, not surprisingly, the dominant sources of uncertainty). It is interesting to compare our estimate for the mass of M31 with those for other large spiral galaxies. Zaritsky et al. (1993 Zaritsky et al. ( , 1997 have carried out an ensemble analysis of 69 satellite galaxies associated with luminous, late-type disk galaxies. The mass found here is somewhat lower than the range of M = that they find for a typical galaxy. How- based on a sophisticated analysis of the radial velocities of its globular clusters, planetary nebulae, and satellite galaxies. Restricting their sample to just the satellite galaxies yields a bestfit mass of . The excellent agreement with 11 M = 8.1 # 10 M , our estimate is not entirely surprising, given that the two studies are based on the same data for several satellites. Nevertheless, our analysis, which is based on improved distances and velocities for an expanded sample of satellites, supports their claim for a rather low mass. Clearly, though, the uncertainties in these estimates remain large, and radial velocities for additional outlying satellites (such And V, VI, and VII) will help us to refine existing constraints on the mass of M31.
